The molecular mechanisms underlying attention-deficit hyperactivity disorder (ADHD) remain unclear. Therefore, this study aimed to identify the genetic susceptibility loci for ADHD in Korean children with ADHD. We performed a case-control and a family-based genome-wide association study (GWAS), as well as genome-wide quantitative trait locus (QTL) analyses, for two symptom traits. Methods: A total of 135 subjects (71 cases and 64 controls), for the case-control analysis, and 54 subjects (27 probands and 27 unaffected siblings), for the family-based analysis, were included. Results: The genome-wide QTL analysis identified four single nucleotide polymorphisms (SNPs) (rs7684645 near APELA, rs12538843 near YAE1D1 and POU6F2, rs11074258 near MCTP2, and rs34396552 near CIDEA) that were significantly associated with the number of inattention symptoms in ADHD. These SNPs showed possible association with ADHD in the family-based GWAS, and with hyperactivity-impulsivity in genome-wide QTL analyses. Moreover, association signals in the family-based QTL analysis for the number of inattention symptoms were clustered near genes IL10, IL19, SCL5A9, and SKINTL. Conclusion: We have identified four QTLs with genome-wide significance and several promising candidates that could potentially be associated with ADHD (CXCR4, UPF1, SETD5, ERC1, FGFR2, ANO4, and TBL1XR1). Further replication studies with larger sample sizes are needed.
INTRODUCTION
Attention-deficit hyperactivity disorder (ADHD) is one of the most common neurodevelopmental disorders, and affects 5-8% of children worldwide. 1) ADHD is associated with academic under-achievement and dysfunctional relationships with family members and peers.
2) It is a heterogeneous and complex disorder, and its pathophysiology remains largely unknown. Previous twin and adoption studies have suggested a strong genetic contribution to ADHD, and a meta-analysis of twin studies has reported an average heritability of 76%.
3) Several candidate gene association studies have investigated ADHD risk genes, including dopamine-related genes (DRD4, DRD5, and SLC6AC), serotonin-related genes (HTR1B and SLC6A4), and synaptic vesicle fusion-related gene SNAP-25. 4) However, efforts to replicate these results have been inconsistent. 5) Furthermore, many common gene variants with small effects are considered to contribute to ADHD.
3)
Genome-wide association studies (GWAS) are powerful tools for detecting, at several hundred thousand positions in the genome, common genetic polymorphisms that influence disease susceptibility and quantitative traits. Numerous GWAS have been conducted to identify ADHD risk loci using either case-control or family-based designs, 4) and a recent meta-analysis of GWAS has revealed 12 genome-wide significant loci for ADHD. 6) Moreover, a family-based quantitative trait loci (QTL) analysis has previously identified significant associations with cell-cell adhesion gene CDH13. 7) The single nucleotide polymorphisms (SNPs) implicated in previous GWAS of ADHD are located at the sodium/proton exchanger SLC9A9, 8) glutamate receptor GRM5, 9) and cholinergic receptor CHRNA7. 10) However, these results have not been sufficiently replicated, and the effect of these genes on ADHD pathogenesis has been subject to considerable controversy. In addition, most GWAS for ADHD have been performed in European and American populations and, to our knowledge, few studies have been performed in Asian cohorts. 11) To explore the risk variants related to ADHD predisposition in a Korean population, we assessed the genetic susceptibility loci for ADHD by conducting a case-control and a family-based GWAS in Korean children with ADHD.
METHODS

Participants
Subjects with ADHD and their unaffected siblings were recruited from November 2012 to April 2015 at the children's outpatient psychiatric clinic of Asan Medical Center, Seoul, Korea. Typically developing children were recruited as controls through the Internet bulletin board of Asan Medical Center. All participants were 6-12 years old and were of Korean ancestry. All subjects were genetically unrelated. Subjects were excluded from this study if they satisfied one or more of the following criteria: 1) suspected mental retardation or an IQ score of less than 80; 2) history of ADHD medication (stimulants or atomoxetine) in the past three months; 3) history of low birth weight of less than 2.5 kg; 4) presence of congenital genetic disorders, acquired brain injury (e.g., cerebral palsy), seizure, or other neurological disorders; and 5) past and/or current history of bipolar disorder, schizophrenia, other childhood psychotic disorders, organic mental disorder, or pervasive developmental disorder. Cases with comorbid disorders, such as tic or anxiety disorders, that did not require pharmacological treatment were included. This study was approved by the Institutional Review Board at Asan Medical Center (2012-0767). Written informed consent was obtained from the parents and written assent was obtained from the subjects.
Measures
All subjects and their parents underwent clinical evaluation by child psychiatrists. A diagnosis of ADHD and comorbid psychiatric disorders was confirmed according to the diagnostic criteria in Diagnostic and Statistical Manual of Mental Disorders-IV-Text Revision (DSM-IV-TR) 12) and Kiddie-Schedule for Affective Disorders and Schizophrenia-Present and Lifetime version (K-SADS-PL). 13) All subjects also completed the Korean Wechsler Intelligence Scale for Children-Fourth Edition (K-WISC-IV). 14) Two quantitative traits for QTL analysis were derived from the K-SADS-PL ADHD sections: the total number of 1) inattention and 2) hyperactivity-impulsivity symptoms as per the DSM-IV-TR criteria.
Genotyping and quality control
Genomic DNA was extracted from whole blood. The samples were genotyped using an Affymetrix Axiom TM KORV1.0- 
Statistical analyses
Statistical procedures were performed using PLINK (http:// zzz.bwh.harvard.edu/plink/) 15) and SAS version 9. 
RESULTS
After quality control procedures were completed, 135 individuals (71 cases and 64 controls) and 525356 SNPs (63.1%), for the case-control analysis, and 27 sibling pairs (27 probands and 27 unaffected siblings) and 432921 SNPs (52.4%), for the family-based analysis, were included. Table 1 presents the demographic and clinical characteristics of the study subjects. Between subjects with ADHD and typically developing children in the case-control analysis, a significant difference was found in age (p=0.002), gender (p=0.030), IQ (p= 0.002), and comorbid diagnosis of oppositional defiant and conduct disorder (p=0.014). When ADHD subjects were compared with their unaffected siblings, a significant difference in gender was found (p=0.021).
In the case-control and the family-based GWAS, none of the variants reached genome-wide significance (p<5.00E-08). Table 2 lists the top SNPs (p<1.00E-05) of the case-control GWAS, which include rs34442475, adjacent to CXCR4, and rs2238652, adjacent to UPF1. These SNPs also showed possible association with the number of inattention symptoms (p=2.74E-02 and 1.59E-03) and hyperactivity-impulsivity symptoms (p=1.70E-04 and 1.80E-04) in the case-control QTL analysis. In the family-based GWAS, none of the SNPs had a p-value lower than 1.00E-05. Supplementary Fig. 1 (in the online-only Data Supplement) and Fig. 1 show the Manhattan plots and quantile-quantile (Q-Q) plots of the case-control and family-based GWAS, respectively. Table 3 presents the list of SNPs with p-values lower than 1.00E-05 in the case-control QTL analysis. Two SNPs showed possible association with the number of inattention symptoms and five SNPs exhibited a possible association with the number of hyperactivity-impulsivity symptoms. These seven SNPs showed a trend towards association with ADHD in the case-control GWAS (p<0.05). In the family-based genome-wide QTL analysis, four SNPs, including rs7684645 adjacent to apelin receptor early endogenous ligand (APELA), rs12538843 adjacent to Yae1 domain containing 1 (YAE1D1) and POU class 6 homeobox 2 (POU6F2), rs11074258 adjacent to multiple C2 domains, transmembrane 2 (MCTP2), and rs34396552 adjacent to cell death-inducing DFFA-like effector A (CIDEA), showed a genome-wide significant association with the number of inattention symptoms. Table 4 describes the SNPs with p-values lower than 1.00E-06. Most of these SNPs also showed possible association with ADHD in the family-based GWAS, and/or with the number of hyperactivity-impulsivity symptoms in the family-based genome-wide QTL analysis (p<0.05). In fact, in the family-based QTL analysis, 153 SNPs and 18 SNPs had p-values lower than 1.00E-05 for the number of inattention symptoms and for the number of hy- Expected -log10 (p)
Observed -log10 (p) B peractivity-impulsivity symptoms, respectively. The regional association plots (Fig. 2) , established using genotype data from the family-based QTL analysis for the number of inattention symptoms, indicated that moderately associated SNPs (p<1.00E-04) were tightly linked to rs11119570, located near IL10 and IL19; and rs214220, located near SLC5A9 and SKINTL. Supplementary Fig. 1 (in the online-only Data Supplement) and Fig. 1 describe the Manhattan-plots and Q-Q plots, respectively, of the genome-wide QTL analyses.
DISCUSSION
In this study, we conducted GWAS of ADHD and genomewide QTL analyses of ADHD symptoms in Korean children with ADHD. In the case-controlled and the family-based GWAS, we did not identify any significant genome-wide SNPs. 
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However, in the genome-wide QTL analysis, we identified four SNPs (rs7684645 near APELA, rs12538843 near YAE1D1 and POU6F2, rs11074258 near MCTP2, and rs34396552 near CI-DEA) that were significantly associated with the number of inattention symptoms of ADHD. These SNPs showed possible association with ADHD in the family-based GWAS, and with hyperactivity-impulsivity in the genome-wide QTL analysis.
Among genes adjacent to the four aforementioned SNPs, rs7684645 is located in the intergenic region adjacent to the APELA gene, located at 4q32.3. APELA plays a key role in cardiac development as a motogen, by promoting endoderm and mesendoderm cell migration during gastrulation.
18) Boso et al. 19) reported that the plasma level of apelin is reduced in patients with autism spectrum disorder, thus suggesting a possible association with neurodevelopmental disorders. Expected -log10 (p)
Observed -log10 (p) F Moreover, rs12538843 was located between genes POU6F2 and YAE1D1. The POU6F2 gene is expressed within the central nervous system, kidney, adrenal gland, heart, stomach, muscle, and eye. 20) It might be involved in the early steps of differentiation of amacrine and ganglion cells. Anney et al. 21) reported a possible association between POU6F2 and autism spectrum disorder, and suggested that POU6F2 may be associated with neurodevelopmental disorders. The function of YAE1D1, on the other hand, remains unknown.
Further assessments of the function of POU6F2 and YAE1D1, and of the role of rs12538843 in the pathogenesis of ADHD are needed. Rs11074258 is located upstream of the MCTP2 gene. This gene is involved in intercellular signal transduction and synapse function via its calcium-ion binding activity. Previous studies have supported the association between MCTP2 and ADHD. Mick et al. 8) suggested a possible association between gene MCTP1, a paralog of MCTP2, and ADHD in a familybased GWAS (p=1.59E-05). Furthermore, using the Biological Network Gene Ontology tool, Poelmans et al. 22) found that the gene ontology process "calcium ion binding," which plays an important role in neurite migration, was significantly enriched in the 14 ADHD-associated genes. Rs34396552 is located in the intergenic region, near the CIDEA gene. CIDEA is homologous to a murine protein known to activate apoptosis in mice. Its human homolog is known to regulate lipolysis in human adipocytes, and is also related to obesity. 23) Several studies have reported an association between ADHD and obesity, and have suggested that this comorbidity may be due to a shared genetic component. 24) Besides the four SNPs with genome-wide significance, association signals of the family-based QTL analysis for the number of inattention symptoms were also clustered near the IL10, IL19, SCL5A9, and SKINTL genes. IL19 and IL10 encode cytokines that belong to the IL10 cytokine subfamily, and play a key role in immune regulation and inflammation; furthermore, SKINTL is a newly identified immunoglobulin superfamily gene. 25) In addition, the immune and inflammatory system has been implicated in the pathogenesis of ADHD 26) and other psychiatric disorders such as autism. 27) Polymorphisms in IL10 may be involved in increased risk for major depressive disorder. 28) On the other hand, SLC5A9 is a sodium-dependent transport channel of D-mannose, D-glucose, and D-fructose; its role in the pathogenesis of ADHD remains unclear.
In this study, only the family-based QTL analysis identified genome-wide significant associations. Previous reports have suggested that case-control studies may be more powerful than family-based studies when investigating complex human traits, including qualitative and quantitative traits. However, other reports have concluded that family-based designs can be more powerful than case-control designs when evaluating the genetic risk for common complex diseases, as the case-control design is more susceptible to bias due to population stratification or phenotype misclassification. 30) Some limitations of our study should be considered when interpreting its results. First, our sample size was small. Similar to previous ADHD GWAS, our current analysis did not yield any significant genome-wide associations, except for the number of inattention symptoms in the family-based QTL analysis. A large-scale, nationwide, or international consortium analysis or meta-analysis could overcome this issue. Second, significant differences in age, gender, IQ, and comorbid diagnosis of oppositional defiant and conduct disorder were found between ADHD subjects and controls. Moreover, when comparing ADHD subjects and their unaffected siblings, significant differences in gender were noted. We cannot disregard the possibility that such differences in gender, age, IQ, and comorbid diagnosis could have masked some true associations. Third, in QTL analysis, only symptoms of inattention and hyperactivity were used and intermediate phenotypes of ADHD, such as neuropsychological test results, were not included. Fourth, we excluded subjects with a history of recent ADHD medication that could affect quantitative traits of inattention and hyperactivity-impulsivity. However, this may have caused a selection bias by excluding children with such severe symptoms of ADHD that medication was required. Fifth, it must be noted that in the Q-Q plot of the family-based genome-wide QTL analysis, the observed p values of a large number of variants are inflated rather than matched to a uniform distribution. It is possible that the sample size was not large enough, and that some outliers influenced our results. To address this issue, further replication studies with larger sample sizes are needed.
CONCLUSION
We have identified four QTLs (rs7684645, rs12538843, rs11074258, and rs34396552) with genome-wide significant associations to ADHD and several promising candidates. Further investigation of these valuable candidates, using independent samples and related functional studies, are warranted. Moreover, analyses using larger ADHD sample sizes are likely to reveal additional common genetic risk loci for this complex disorder.
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